To meet the increasing water demand and to provide safe drinking water in Egypt, the Holding Company for Water and Wastewater (HCWW) and its affiliated companies have started a program to develop riverbank filtration (RBF) sites in all Egyptian governorates. The paper gives an overview of water quality changes as a result of RBF, during the initial phase of operation at three sites in Upper Egypt, between 2015 and 2018. Significant changes were observed for chloride, sulfate, iron, manganese, ammonium, and in the bacterial counts. After the initiation of pumping from the RBF wells, it took 2 to 8 months until stable water quality was observed for the hydrochemical parameters and 2 to 14 months for the microbiological parameters. The results showed that RBF wells should be operated continuously, to maintain the advantage of lower Fe and Mn concentrations achieved by the wash-out effect in the aquifer zone, between the river bank and the RBF wells.
Introduction
Egypt's freshwater consumption is growing ten times faster than its freshwater production [1] , and the current ballooning demographics show no sign of abating any time soon. The total population of Egypt increased from 22 million in 1950 to around 88 million in 2015 [2] . This rapid increase in population growth will continue for decades to come and it is likely to increase to between 120-150 million, by 2050. A high population growth rate would exaggerate the problems associated with water allocation.
Egypt is not only facing problems with an increase in water demand but also with pollution of the River Nile water through industrial, agricultural and municipal inflows. In Egypt, large amounts of untreated or poorly treated sewage are discharged into surface waters [3] . Along the River Nile, there are a total of 56 large drains that discharge water and transfer pollutants from industrial and settlement areas, and 72 drains that discharge water mainly from agricultural areas. The exports from agricultural areas and domestic wastes are considered to be the main sources of water pollutants in the River Nile [4] . The water quality of the River Nile mainly depends on the water quality in the Lake Nasser reservoir and the volume of water released from it. Despite the overall water quality of the River Nile being suitable for drinking water production using conventional treatment, accidental (oil) spills and flash floods occur frequently, which affect the operations of water treatment plants [5] . Additionally, from December to January, irrigation canals are put under maintenance (winter closure) and the water released from the Aswan dam is reduced, such that less dilution of sewage inputs occur, and some large water treatment plants suffer from higher siltation at the intake points. During this The technology in itself is quite simple, is cheaper than conventional water treatment systems, and requires little maintenance. Identifying the right location for an RBF site is a key issue. Therefore, water quality tests of river and groundwater need to be conducted at each specific site, and the composition of the riverbed and thickness and hydraulic conductivity of the adjacent aquifer need to be examined to assess the viability of a site. If an RBF scheme is properly designed, the subsurface passage of surface water through the riverbed and aquifer material provides several natural treatment processes, including filtration, biodegradation, adsorption, chemical precipitation, and improvement of water quality through redox processes [12] .
According to [13] , four stages of site investigation should be followed:
1.
Initial site assessment, including visual reconnaissance by site visits, documentation of verbal and archived information, and in-situ sampling of river water and groundwater. Monitoring and determining aquifer parameters: Monitoring of river and groundwater levels and quality, river channel geometry and grain size analysis, and pumping tests. 4 .
Analytical or numerical groundwater flow modeling: Determining flow paths, travel times, and portions of bank filtrate and groundwater in the extracted water.
The aim of this study was to give an overview of the initiation of RBF processes at three recently developed RBF sites near Luxor and Sohag, Upper Egypt. While water quality changes during RBF, redox-zonation, and removal rates have been discussed by many authors (e.g., [14] [15] [16] ), little information is available on the initial operation phase of new RBF schemes. For example, the wash-out effect of iron and manganese in aquifers between the riverbank and the production wells has been described for longer periods (in terms of years) [17, 18] , based on long-term monitoring, but no description has yet been provided for the initial phase. The new RBF sites in Upper Egypt make it possible to study the behavior of organic compounds and redox sensitive parameters during the initial operation phase and to draw conclusions on the required post-treatment.
Materials and Methods

Site Description
Results from investigations at three sites in Upper Egypt have been presented-Alsaayda near Luxor (Site L), and Eltawael (Site T) and Al-maragha (Site M) near Sohag ( Figure 2 ).
Luxor Company for Water and Wastewater (LCWW) is an affiliated body of the Holding Company for Water and Wastewater (HCWW) that provides drinking water (according to the Egyptian standards) from 9 water treatment plants (WTPs), with a total design capacity of 3.5 Mm 3 /day. In the Governorate Luxor, 57% of the drinking water production is based on surface water from the River Nile and the irrigation canals, and the remaining 43% is abstracted from shallow groundwater. The Alsaayda site is located in Northern Luxor (Figure 2 ). One exploratory well was drilled in March 2018 and three production wells were drilled in May 2018. The production wells were located at a distance of 5 to 13 m from the right river bank ( Table 1) . The distance between well L1 and L2 was 25 m and the distance between well L2 and L3 was 19 m. The borehole diameter was 20 inches and the diameter of the well casing was 14 inches. The submersible pumps were operated at a rate of about 35 L/s each. The static groundwater depth was 1.5 to 2.0 mbgs (meter below ground surface), when pumping 5 to 6 mbgs. The aquifer had a thickness of about 30 m. During drilling, soil profiles were taken; the results are summarized in Table 2 .
The Sohag Company for Water and Wastewater (SCWW) is another affiliated body of the HCWW that produces drinking water from 12 large WTPs, 60 small WTPs, and 450 groundwater wells, all over the governorate, with a total design capacity of 0.9 Mm 3 /day. Here, 60% of the drinking water production is based on surface water and 40% on groundwater. The aquifer has a thickness of about 36 m, lithological profiles from drilling are summarized in Table 2 .
At the RBF site in Eltawael (Site T) (26°38'51 N, 31°38'51 E), one exploratory well was drilled in March 2015 and three production wells were drilled in May 2015. The wells were located at a distance of 6 m from the right river bank (Table 1, Figure 2 ). The distances between the wells T1, T2, and T3 were 10 m. The borehole diameter was 20 inches; the diameter of the well casing was 14 inches. The submersible pumps were operated at a rate of about 35 L/s each. The static groundwater depth was 2.2 to 2.4 mbgs, when pumping 5 to 6 mbgs.
At the RBF site in Al-maragha (Site M) (26°41'28 N, 31°36'48 E), one exploratory was drilled in December 2017 and two production wells were drilled in February 2018. The wells were located at a distance of 5 m from the right river bank (Table 1, Figure 2 ). The distance between wells M1 and M2 was 12 m. The static groundwater depth was 2.5 mbgs, when pumping 6 mbgs. The submersible pumps were operated at a rate of about 35 L/s each. The static groundwater depth was 1.5 to 2.0 mbgs (meter below ground surface), when pumping 5 to 6 mbgs. The aquifer had a thickness of about 30 m. During drilling, soil profiles were taken; the results are summarized in Table 2 .
At the RBF site in Eltawael (Site T) (26 • 38 51 N, 31 • 38 51 E), one exploratory well was drilled in March 2015 and three production wells were drilled in May 2015. The wells were located at a distance of 6 m from the right river bank (Table 1, Figure 2 ). The distances between the wells T1, T2, and T3 were 10 m. The borehole diameter was 20 inches; the diameter of the well casing was 14 inches. The submersible pumps were operated at a rate of about 35 L/s each. The static groundwater depth was 2.2 to 2.4 mbgs, when pumping 5 to 6 mbgs.
At the RBF site in Al-maragha (Site M) (26 • 41 28 N, 31 • 36 48 E), one exploratory was drilled in December 2017 and two production wells were drilled in February 2018. The wells were located at a distance of 5 m from the right river bank (Table 1, Figure 2 ). The distance between wells M1 and M2 was 12 m. The static groundwater depth was 2.5 mbgs, when pumping 6 mbgs. The depth of River Nile at Luxor is about 8 m, with a maximum of 14 m. Figure 3 shows a cross-section of River Nile, which was prepared in May 2018. Figure 3 shows a cross-section of River Nile, which was prepared in May 2018. 
Water Sampling and Analysis
Water sampling from the river and the wells was carried out following the Egyptian guidelines and standards [19, 20] . The River Nile was sampled daily for its major parameters, such as pH, EC, turbidity, and microbiological parameters, and weekly for further parameters such as major ions. Every well in operation was sampled regularly (at least weekly) from its sampling tap. Table 3 provides all analytical methods for determining the discussed parameters.
The River Nile was sampled at the intake of several water treatment plants, along its flowpath from Luxor to Sohag. The river water quality decreased towards Sohag and further downstream, due to industrial and domestic wastewater input. Water analysis was conducted by different laboratories (local company labs and central labs). Groundwater was sampled from different wells in the catchments of the three sites, at different depths and distances from the RBF wells. Here, the differences in water quality were mainly driven by spatial differences.
From the collected dataset, the minimum, median, and maximum values were extracted. This was done, so that the outliers and short-term events such as spills or flash floods would not seriously affect the median values that were used to discuss the general effect of RBF processes and water quality. 
Biological Parameters
Total Algae Count Algae cells/mL Plankton (10200)/C, E and F, 10-11, 10-15, 10-17 Due to the limited budget, no extra monitoring wells could be installed. All samples were taken from the production wells. Thus, it has to be taken into account that the sampled well water was a mixture of the bank filtrates (of different age depending on the location of infiltration in the riverbed, the depth of the flow path in the aquifer, and the pumping rate of the well) and the land-side groundwater.
Results and Discussion
The Quality of River Nile and the Ambient Groundwater in Luxor and Sohag
Mean river water temperatures varied from 19.5-28.6 • C. The salinity of River Nile water showed an increase in the downstream direction; the electric conductivity (EC) ranged from 273-461 µS/cm (median 322 µS/cm) and the chloride concentrations were 11-27 mg/L (median 15 mg/L). Water in the main canals (Nag Hammadi West and Nag Hammadi East) had the same chemical composition as water in the river. Nevertheless, water quality deteriorated in the downstream direction, due to the disposal of municipal and industrial effluents, the inflow of agricultural drainage, as well as the decreasing water flow. Turbidity was relatively low but was above the drinking water limits, ranging from 0.3-8.5 NTU. During flash floods, turbidity could increase by a hundred-fold. This happened during a flash flood in March 2014 [21] (Figure 4 ) and in November 2016, when a shock load extended for about 15 days and severely affected all water treatment plants in Sohag. During those periods, the level of turbidity in River Nile reached a maximum of about 100 NTU in 2014 and 300 NTU in 2016. This caused the temporary closure of all conventional surface water treatment plants in Sohag, while the RBF wells at the Eltawael site could still be operated during flash floods periods. The surface water abstraction of the Elmonsha WTP in the Elmonsha city was shut down for 7 days during the flash flood.
The significant influence of heavy rains on the water turbidity of river water is shown in Figure 4 , where the spike in March was caused by heavy rain. The significant influence of heavy rains on the water turbidity of river water is shown in Figure  4 , where the spike in March was caused by heavy rain. The unprecedented level of turbidity exceeded the tolerance capacity of the WTPs. As a result, all WTPs had to be shut down to a maximum of 72 h (conventional WTPs) and 100 h (compact water treatment plants).
All major ions in Nile water were generally within the limits for drinking water supply. The Nile water was alkaline and predominantly of the bicarbonate type. Total hardness ranged from 88 to 192 mg/L (as CaCO3), with calcium as the main hardness constituent. The main problem in drinking water treatments is the high load of microbiological contaminants.
The ambient groundwater in the River Nile valley, near the current River Nile track, has EC values ranging from 341-1039 µS/cm with a median value of 634 µS/cm and, correspondingly, a TDS (Total Dissolved Solids) ranging from 218-665 mg/L with a median value of 406 mg/L ( Table 4 ). The EC of the groundwater is more than twice as high as the EC of the river water. Additionally, chloride concentrations are also much higher, with a median of 30 mg/L. The unprecedented level of turbidity exceeded the tolerance capacity of the WTPs. As a result, all WTPs had to be shut down to a maximum of 72 h (conventional WTPs) and 100 h (compact water treatment plants).
All major ions in Nile water were generally within the limits for drinking water supply. The Nile water was alkaline and predominantly of the bicarbonate type. Total hardness ranged from 88 to 192 mg/L (as CaCO 3 ), with calcium as the main hardness constituent. The main problem in drinking water treatments is the high load of microbiological contaminants.
The ambient groundwater in the River Nile valley, near the current River Nile track, has EC values ranging from 341-1039 µS/cm with a median value of 634 µS/cm and, correspondingly, a TDS (Total Dissolved Solids) ranging from 218-665 mg/L with a median value of 406 mg/L ( Table 4 ). The EC of the groundwater is more than twice as high as the EC of the river water. Additionally, chloride concentrations are also much higher, with a median of 30 mg/L.
In Egypt, risks might arise from the land-side part of the aquifer as it is subject to contamination, mainly from the unsecure conventional systems for sewage disposal in villages (latrines and septic tanks) but also from seepage of irrigation water containing nitrogen fertilizers [22] . However, median concentrations for ammonium and nitrate in the groundwater were found to be 0.68 mg/L and 1 mg/L, respectively, and did not indicate groundwater pollution. Maximum ammonium and nitrate concentrations found in the groundwater, at the studied sites, were 1.38 mg/L and 5.7 mg/L, respectively. Total coliform counts in some wells exceeded the drinking water standards. The median value for total coliforms in the River Nile valley aquifer was <1 CFU/100 mL. Besides pathogens and ammonium, 
Quality of the Pumped Water from RBF Units Near Luxor and Sohag
At many RBF sites worldwide, seasonal temperature changes in river water and bank filtrates and flow-related changes in EC could be used to estimate the travel times of bank filtrate [23, 24] . The temperature curve of River Nile has a comparatively low amplitude, which is not feasible for using temperature as a tracer to determine the travel times of bank filtrates. EC also does not show much fluctuation, except in the maximum values during the low-flow period of December/January. During this period, the water levels change, so the travel times are also affected by the changing gradients in the aquifer. However, the EC values of groundwater and river water differ significantly, offering the potential to use EC measurements to determine the portion of bank filtrates and land-side groundwater in the pumped water and residence times. Chloride concentration measurements might also be used, as described in [25, 26] . In any case, installation of an observation well, land-side of the pumping well, is required. In this article, initial EC values and anion concentrations at the start of the well operation were assumed to be representative for groundwater quality and were used for the mixing calculations, as shown in Equation (1), where C PW is the concentration in the pumped well water, C River is the concentration in river water, and C GW is the concentration in groundwater.
Portion of bank filtrate in % = (C PW − C River )/(C GW − C River ) × 100
(1)
The removal of organic compounds is relevant for the dissolution and release of iron and manganese along the flow path and for the required post-treatment and to inhibit the potential formation of disinfection by-products. The total organic carbon (TOC) concentration in River Nile ranges from 2.1 to 3.2 mg/L (Table 4) , and has a median similar to that of the River Danube at Budapest [24] , and about half of the concentration in the River Elbe [23] . Despite the low input concentration, the removal rate for TOC is relatively high, with about a 56% median and up to 62% at the RBF site Eltawael (site T), Sohag. As the samples were taken from the production well, the decrease in the TOC concentration could also be affected by a portion of land-side groundwater, presumably having a lower TOC than river water.
Water Quality Changes during the Initial Phase of RBF near Luxor and Sohag
Figures 5-14 show water quality changes during the initial phase of RBF operation for the three sites in Upper Egypt.
According to electric conductivity (EC) values (Table 4 ) the portion of bank filtrate is highest at the RBF site Alsaayda near Luxor (site L). Assuming that the EC value of 594 µS/cm in the first portion of the pumped water in May 2018, after the installation of wells, and an EC for River Nile water of 283 µS/cm (median from 2018, n = 12) were sufficiently representative to be used in the mixing calculations, the bank filtrate portion was more than 80% in the pumped RBF well water. At the other two sites at Sohag, the portion of bank filtrate was lower on average, with up to 80% at site T and about 50% at site M. Figures 5 and 6 show that the EC of the pumped water decreased with time, indicating an increasing portion of bank filtrate. This effect was most obvious for site T, where first, the groundwater was pumped and later a mixture of the groundwater and bank filtrate was pumped. A short peak in June 2016 indicated the effect of a short pause in pumping, which caused land-side groundwater flow towards the river, resulting in a high portion of groundwater with a high EC, after a restart of pumping ( Figure 5 ). Chloride, bromide, and iodide are conservative water constituents and can be used for the mixing calculations and to identify the water origin, with less ambiguity than other dissolved species [25] . The median chloride concentration of the river water was 15 mg/L. The initial chloride concentration of about 62 mg/L showed that the median chloride concentration given in Table 4 for ambient groundwater did not apply for site T. The chloride concentration in the pumped water at site T started at about 62 mg/L, and decreased after 30 weeks to about 30 mg/L, and later to a minimum of 16 mg/L ( Figure 7 , Table 4 ). This was in agreement with the observed changes in EC ( Figure 5 ) and sulfate concentration (Figure 7 ). When the bank filtrate arrived at the well and comprised a major portion of the pumped water, the EC, chloride, and sulfate concentrations dropped. The time period of 30 weeks underlined that it might take months until the wells can truly indicating an increasing portion of bank filtrate. This effect was most obvious for site T, where first, the groundwater was pumped and later a mixture of the groundwater and bank filtrate was pumped. A short peak in June 2016 indicated the effect of a short pause in pumping, which caused land-side groundwater flow towards the river, resulting in a high portion of groundwater with a high EC, after a restart of pumping ( Figure 5 ). Chloride, bromide, and iodide are conservative water constituents and can be used for the mixing calculations and to identify the water origin, with less ambiguity than other dissolved species [25] . The median chloride concentration of the river water was 15 mg/L. The initial chloride concentration of about 62 mg/L showed that the median chloride concentration given in Table 4 for ambient groundwater did not apply for site T. The chloride concentration in the pumped water at site T started at about 62 mg/L, and decreased after 30 weeks to about 30 mg/L, and later to a minimum of 16 mg/L ( Figure 7 , Table 4 ). This was in agreement with the observed changes in EC ( Figure 5 ) and sulfate concentration (Figure 7 ). When the bank filtrate arrived at the well and comprised a major portion of the pumped water, the EC, chloride, and sulfate concentrations dropped. The time period of 30 weeks underlined that it might take months until the wells can truly Chloride, bromide, and iodide are conservative water constituents and can be used for the mixing calculations and to identify the water origin, with less ambiguity than other dissolved species [25] . The median chloride concentration of the river water was 15 mg/L. The initial chloride concentration of about 62 mg/L showed that the median chloride concentration given in Table 4 for ambient groundwater did not apply for site T. The chloride concentration in the pumped water at site T started at about 62 mg/L, and decreased after 30 weeks to about 30 mg/L, and later to a minimum of 16 mg/L ( Figure 7 , Table 4 ). This was in agreement with the observed changes in EC ( Figure 5 ) and sulfate concentration (Figure 7 ). When the bank filtrate arrived at the well and comprised a major portion of the pumped water, the EC, chloride, and sulfate concentrations dropped. The time period of 30 weeks underlined that it might take months until the wells can truly abstract a certain portion of bank filtrate. The calculated portion of the pumped bank filtrate at site T (based on the calculations using the EC values) was supported by a calculation based on chloride concentrations. Taking 62 mg/L chloride for ambient groundwater, 15 mg/L as a reliable median for the river water (Table 4) , and about 20 mg/L for the pumped water (Figure 7) , the portion of bank filtrate would be about 90% at site T. This, in turn, underlined >50% stable removal of TOC during riverbank filtration at site T abstract a certain portion of bank filtrate. The calculated portion of the pumped bank filtrate at site T (based on the calculations using the EC values) was supported by a calculation based on chloride concentrations. Taking 62 mg/L chloride for ambient groundwater, 15 mg/L as a reliable median for the river water (Table 4) , and about 20 mg/L for the pumped water (Figure 7) , the portion of bank filtrate would be about 90% at site T. This, in turn, underlined >50% stable removal of TOC during riverbank filtration at site T. The observed decrease in EC was in agreement with a delayed decrease in Fe and Mn concentration in the pumped water (Figures 8-10 ). The delay could be caused by cation exchange processes along the flow path, but was not too long because the distance between the wells and the river was quite short. There were many little peaks where Fe was about 0.1 mg/L higher than the average base line. This might be caused by the discontinuous operations of some wells at the sites. If the pumping was stopped, the land-side groundwater flowed towards the river, filling part of the aquifer between the wells and the river bank. If the pumps were switched on again, the groundwater was pumped back, causing a short-term increase in Fe and Mn concentration in the pumped water, before the average mixing determined the metal concentration. Thus, it is of utmost importance to continuously operate the RBF units (24/7). The observed decrease in EC was in agreement with a delayed decrease in Fe and Mn concentration in the pumped water (Figures 8-10 ). The delay could be caused by cation exchange processes along the flow path, but was not too long because the distance between the wells and the river was quite short. There were many little peaks where Fe was about 0.1 mg/L higher than the average base line. This might be caused by the discontinuous operations of some wells at the sites. If the pumping was stopped, the land-side groundwater flowed towards the river, filling part of the aquifer between the wells and the river bank. If the pumps were switched on again, the groundwater was pumped back, causing a short-term increase in Fe and Mn concentration in the pumped water, before the average mixing determined the metal concentration. Thus, it is of utmost importance to continuously operate the RBF units (24/7).
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concentrations. Taking 62 mg/L chloride for ambient groundwater, 15 mg/L as a reliable median for the river water (Table 4) , and about 20 mg/L for the pumped water (Figure 7) , the portion of bank filtrate would be about 90% at site T. This, in turn, underlined >50% stable removal of TOC during riverbank filtration at site T. The observed decrease in EC was in agreement with a delayed decrease in Fe and Mn concentration in the pumped water (Figures 8-10 ). The delay could be caused by cation exchange processes along the flow path, but was not too long because the distance between the wells and the river was quite short. There were many little peaks where Fe was about 0.1 mg/L higher than the average base line. This might be caused by the discontinuous operations of some wells at the sites. If the pumping was stopped, the land-side groundwater flowed towards the river, filling part of the aquifer between the wells and the river bank. If the pumps were switched on again, the groundwater was pumped back, causing a short-term increase in Fe and Mn concentration in the pumped water, before the average mixing determined the metal concentration. Thus, it is of utmost importance to continuously operate the RBF units (24/7). The final Fe and Mn concentration depended on the mixing ratio (portion of pumped groundwater commonly having high Fe and Mn concentration) and the redox-dependent Fe and Mn concentration of the bank filtrate. The latter is determined by the river water quality, the composition of the riverbed and the redox conditions within the aquifer [17, 18, 27, 28] . After starting the operations of new RBF wells, the Fe and Mn concentration in the pumped water changed. An optimal case would be a low portion of land-side groundwater and oxic conditions in the aquifer between the river and the wells. The TOC concentration in River Nile water was not very high and would not result in strongly anaerobic conditions in the aquifer, if e.g., 50% of the TOC was oxidized, resulting in an equivalent oxygen demand. At many RBF sites, fine particles settling on the riverbed contributed to the degradable organic carbon and oxygen demand [29] . As there was very little nitrate in the river water (median 1.5 mg/L, Table 4), denitrification was of minor importance for the redox conditions at the RBF sites in Upper Egypt. Consequently, Mn concentrations in the bank filtrate might have increased. Mn concentrations at Sohag, site T ( Figure 9 ) were slightly above the permissible limit of 0.4 mg/L, according to the Egyptian drinking water standard, but Fe concentrations were below the permissible limit of 0.3 mg/L. The WHO (2006) has no specific standards for iron concentration but has a guideline value of 0.4 mg/L for Mn.
The lowest final Mn concentration was observed at site L near Luxor (Figure 10 ), where the portion of bank filtrate was the highest and nearly continuous operation was ensured. This indicated that continuous operations and a short residence time of bank filtrates in the riverbed and the aquifer prevented the release of Mn due to redox processes along the flow path.
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The lowest final Mn concentration was observed at site L near Luxor (Figure 10 ), where the portion of bank filtrate was the highest and nearly continuous operation was ensured. This indicated that continuous operations and a short residence time of bank filtrates in the riverbed and the aquifer prevented the release of Mn due to redox processes along the flow path. Figure 12 shows remarkable changes in the bacteria (heterotrophic plate counts (HPC)) found in the pumped RBF well water. The high levels at the start of the operation, at sites M and L, could be a result of disturbance of conditions in the subsurface, and contamination during drilling and well construction. If the upper soil enters the borehole or is even used as a filling material, (non-)fecal bacteria are released and can cause a higher HPC, until a microbiological equilibrium is achieved and biofilms are stabilized in the aquifer and the vicinity of the well. The results from site T were different in the beginning but did not indicate any contamination by sewage, as the coliform and fecal coliform counts were very low after one year of no fully continuous operation. After the initial phase, the HPC decreased to median values of 2-20 CFU/mL, compared to a median of 1900 CFU/mL in river water. The permissible limit of the HPC bacteria, according to the Egyptian Drinking Water Standards, is 50 CFU/mL. Figure 12 shows remarkable changes in the bacteria (heterotrophic plate counts (HPC)) found in the pumped RBF well water. The high levels at the start of the operation, at sites M and L, could be a result of disturbance of conditions in the subsurface, and contamination during drilling and well construction. If the upper soil enters the borehole or is even used as a filling material, (non-)fecal bacteria are released and can cause a higher HPC, until a microbiological equilibrium is achieved and biofilms are stabilized in the aquifer and the vicinity of the well. The results from site T were different in the beginning but did not indicate any contamination by sewage, as the coliform and fecal coliform counts were very low after one year of no fully continuous operation. After the initial phase, the HPC decreased to median values of 2-20 CFU/mL, compared to a median of 1900 CFU/mL in river water. The permissible limit of the HPC bacteria, according to the Egyptian Drinking Water Standards, is 50 CFU/mL. The contamination during the drilling and well installation was also obvious from the observed total and fecal coliforms, during the initial phase shown in Figures 13 and 14 . The long-lasting effect at site T was unacceptable whereas at site M (low contamination) and site L the pumping resulted in The contamination during the drilling and well installation was also obvious from the observed total and fecal coliforms, during the initial phase shown in Figures 13 and 14 . The long-lasting effect at site T was unacceptable whereas at site M (low contamination) and site L the pumping resulted in a clean-up of the disturbed aquifer within 2 to 3 months. After the initial phase, an effective removal of coliforms and fecal coliforms was proved, with a very low number of positive detections of coliforms (Table 4) . Despite this, disinfection is a required post-treatment step. During the initial phase, the dosage of disinfectants (e.g., chlorine) should be higher to ensure safe drinking water supply. This might also be required during floods, when the riverbed is eroded and the travel time of bank filtrate is shorter, due to a higher gradient. The contamination during the drilling and well installation was also obvious from the observed total and fecal coliforms, during the initial phase shown in Figures 13 and 14 . The long-lasting effect at site T was unacceptable whereas at site M (low contamination) and site L the pumping resulted in a clean-up of the disturbed aquifer within 2 to 3 months. After the initial phase, an effective removal of coliforms and fecal coliforms was proved, with a very low number of positive detections of coliforms (Table 4) . Despite this, disinfection is a required post-treatment step. During the initial phase, the dosage of disinfectants (e.g., chlorine) should be higher to ensure safe drinking water supply. This might also be required during floods, when the riverbed is eroded and the travel time of bank filtrate is shorter, due to a higher gradient. Table 5 shows the observed time until nearly constant values were observed, for relevant parameters at the three RBF sites. For most parameters, it took between 2 and 4 months until a stable water quality was achieved at sites L and M. At site T, it took much longer. Looking at the available data from drilling and well design, no obvious reason was found to explain the longer time for site T. One reason could be a stronger gradient of groundwater flow towards the river. This would also explain the stronger fluctuation in Fe concentration and chloride concentration (Figure 8 )-if the pumps are switched off for only a short time, groundwater fills the cone of depression and dominates the quality of the pumped water, again. This again underlines the need for a continuous operation of the pumps, to keep Fe and Mn concentrations low. Table 5 shows the observed time until nearly constant values were observed, for relevant parameters at the three RBF sites. For most parameters, it took between 2 and 4 months until a stable water quality was achieved at sites L and M. At site T, it took much longer. Looking at the available data from drilling and well design, no obvious reason was found to explain the longer time for site T. One reason could be a stronger gradient of groundwater flow towards the river. This would also explain the stronger fluctuation in Fe concentration and chloride concentration (Figure 8 )-if the pumps are switched off for only a short time, groundwater fills the cone of depression and dominates the quality of the pumped water, again. This again underlines the need for a continuous operation of the pumps, to keep Fe and Mn concentrations low. 
Sustainability and Cost of RBF
RBF is a sustainable low-cost technology applicable in Egypt (Table 6 ) and could be integrated into the conventional WTPs allocated on the Nile River banks as an additional source to secure water supply during accidental oil spills and extreme climate events. The increased water demand, together with the limited available surface water resources, make RBF a potential alternative for drinking water supply, especially in Upper Egypt [11, 21] .
Many types of water treatment technology are used in Upper Egypt (Table 6) , depending on criteria such as population number, water use (drinking or industries), and cost. To cover a large population, e.g. >1 million consumers, water companies tend to establish large water treatment plants with capacities >17,000 m 3 /day to 1 Mm 3 /day or more.
RBF units commonly consist of abstraction wells and a disinfection unit to provide safe drinking water. If Mn and/or Fe concentrations are above the threshold set by the drinking water standard, aeration and sand filtration have to be added as treatment steps.
Small conventional WTPs (rapid sand filters) are plants similar to the large ones, with same treatment steps and chemicals but with a capacity less than 17,000 m 3 /day. The small conventional WTPs are used for remote areas with limited population or for industrial water supply. This type has some disadvantages, such as high initial cost, high running cost, and a higher energy consumption.
Direct infiltration WTPs (slow sand filters) use large sand and gravel filters to treat water without any coagulant dosage. Chlorine gas is used for disinfection in most cases. These WTPs only produce small quantities of drinking water at a high operation cost.
Treatment of water from groundwater wells commonly requires Fe and Mn removal and disinfection, as in many parts of Egypt, people have to dispose-off sewage in the ground, resulting in groundwater quality deterioration. Fe and Mn removal is based on aeration or dosage of potassium permanganate and subsequent filtration, which affects the operation costs.
Compact units (built-in units) produce up to 2160 m 3 /day/unit. These mobile units can be moved to any place and are typically installed on small canal banks to provide drinking water for small communities. The basic process is sand filtration in small closed metal cylinders, each unit having three of them, and treatment processes are the same as in the conventional WTPs (coagulation/flocculation). Table 6 indicates low capital costs for RBF units (without Fe/Mn removal) and small conventional WTPs. High capital costs for (deep) groundwater wells and subsequent treatment are affected by the deep drilling of the wells and commonly require manganese removal. Additionally, the operational costs are lowest for the RBF units, as compared to the groundwater wells, due to a lower drawdown and associated lower energy demand. If Fe/Mn removal is required, the operational costs would be more similar to those of groundwater wells. 
Conclusions
RBF can serve as a pre-treatment for waterworks; at some sites only disinfection is required as a further treatment step for drinking water production. Results from water quality monitoring during the initial phase of the RBF operation in Upper Egypt have demonstrated a good surface and groundwater interaction, and favorable hydrogeological conditions. Data from all investigated sites showed an efficient removal of turbidity and bacteria during RBF. Special care should be taken to prevent well contamination during the drilling and installation process. TOC removal was calculated to about 60%, based on measurements at a site at Sohag. Fe and Mn concentration decreased at all sites, compared to the initial concentrations in groundwater. At some sites, removal of Mn is required to meet the drinking water quality standard.
After initiation of pumping from the RBF wells, it might take 2 to 12 months until stable water quality is gained for the pumped water. Decisions on adequate further treatment-especially if Fe/Mn removal is required-should be made only after a monitoring period of a few months, to allow an optimal design for post-treatment. The RBF units should be operated continuously to prevent fluctuations in water quality and to limit the pumped portion of land-side groundwater, which commonly has higher Fe and Mn concentrations.
RBF can provide large volumes of drinking water with a high quality at low cost. The capital and operating costs of the RBF units are lower, compared to conventional water treatment plants. The highlighted conditions and advantages of RBF in Upper Egypt underline that RBF should be considered as an option for water supply, without requiring any further treatment besides disinfection or as a pre-treatment step at some sites, especially if the capacity of the existing water treatment plants needs to be increased.
Author Contributions: R.A.W., A.S., and T.G. prepared the article draft. A.S. collected site data and was responsible for the monitoring program, including water analysis. All authors reviewed and edited the article.
Funding: All primary data was collected within the UN Human Settlements Programme of the UN-Habitat, HCWW, SCWW, and LCWW. Guidance on well design and interpretation of water quality data was supported within the framework of the AquaNES project, which has received funding from the European Union´s Horizon 2020 Research and Innovation Program under Grant No. 689450.
